We study non-isothermal buoyancy-driven exchange flow of two miscible Newtonian fluids in an inclined pipe experimentally. The heavy cold fluid is released into the light hot one in an adiabatic small-aspect-ratio pipe under the Boussinesq limit (small Atwood number). At a fixed temperature, the two fluids involved have the same viscosity. Excellent qualitative and quantitative agreement is first found against rather recent studies in literature on isothermal flows where the driving force of the flow comes from salinity as opposed to temperature difference. The degree of flow instability and mixing enhances as the pipe is progressively inclined towards vertical. Similar to the isothermal limit, maximal rate of the fluids interpenetration in the non-isothermal case occurs at an intermediate angle, β. The interpenetration rate increases with the temperature difference. The degree of fluids mixing and diffusivity is found to increase in the non-isothermal case compared to the isothermal one. There has also been observed a novel asymmetric behavior in the flow, never reported before in the isothermal limit. The cold finger appears to advance faster than the hot one. Backed by meticulously designed supplementary experiments, this asymmetric behavior is hypothetically associated with the wall contact and the formation of a warm less-viscous film of the fluid lubricating the cold moreviscous finger along the pipe. On the other side of the pipe, a cool more-viscous film forms decelerating the hot less-viscous finger. Double diffusive effects associated with the diffusion of heat and mass (salinity) are further investigated. In this case and for the same range of inclination angles and density differences, the level of flow asymmetry is found to decrease. The asymmetric behaviour of the flow is quantified over the full range of experiments. Similar to the study of Salort et al. ["Turbulent velocity profiles in a tilted heat pipe," Phys. Fluids 25(10), 105110-1-105110-16 (2013)] for tilted heat pipes, a small Richardson number of Ri ≈ 0.05 is found, above which flow laminarization occurs. In terms of the dimensionless numbers of the problem, it is found that the interpenetrative speeds of the heavy and light fluid layers in non-isothermal and double-diffusive cases increase with the dimensionless temperature difference, r T , Atwood number, At, Grashof number, Gr, Reynolds number, Re, Nahme number, Na, and Péclet number, Pe but decreases with Prandtl number, Pr, and Brinkman number, Br. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Buoyancy-driven flow due to the release of a heavy fluid into a light one has been one of the most fundamental fluid mechanics problems abundantly found in nature, in oceanographic, meteorological, and geophysical contexts. [1] [2] [3] [4] [5] [6] [7] These flows also have many industrial applications in CounterCurrent Extraction Column (CCEC) contexts. 8 CCECs are designed to remove a dispersed (contaminant) element from a heavy mixture through mixing it with a light phase containing an appropriate solvent. 9 These devices are widely used in a variety of processes and industries including chemical and municipal (organic solvents recovery, waste-water purification, water softening 10, 11 ), food and beverage (distilled alcoholic drinks' extracts production, 12 supercritical CO 2 extraction 13 ), biochemistry (butanediol production 14 ), a) B. Eslami and S. Shariatnia contributed equally to this work. b) Author to whom correspondence should be addressed: kalba@uh.edu pharmaceutical and biomedical (solanesol production 15 ), biotechnology (protein extraction 16 ), etc. See also exchange flow applications in continuous reactors 17, 18 and well cementing. 19 Due to certain process constraints, inclined columns may be preferred over the vertical ones. [19] [20] [21] [22] [23] The exchange flows have largely been studied in literature experimentally, [24] [25] [26] [27] [28] [29] [30] [31] computationally, [32] [33] [34] [35] [36] [37] [38] and analytically [39] [40] [41] [42] assuming fluids with equal temperature, i.e., isothermal. The non-isothermal flows can be exceptionally distinct from those of isothermal as revealed in the recent computational study of Ref. 43 . However, these flows have received very little attention to literature due to the underlying complexity arising from temperature-dependent density and viscosity fields which in turn influence buoyancy, interfacial stability, and fluids mixing.
Buoyant exchange flow of isothermal fluids is studied in literature using vertical 24, 25 and inclined tubes. [26] [27] [28] [29] 32, 39 Depending on the flow parameters, viscous, transitionary, and diffusive flows may appear. Slumping viscous regimes are found at nearly horizontal angles due to strong segregative buoyancy force at the interface. 28 The interfacial instabilities grow at higher inclination angles enhancing mixing. The changeover from viscous to transitionary flows happens at Re cos β 50, where Re =V ν /V t is the Reynolds number witĥ V ν = AtρĝD 2 /μ andV t = (AtĝD) 1/2 being the velocity scales obtained from viscous-buoyant and inertial-buoyant stresses balance, respectively. 27 Here,D is the tube diameter,ρ is the average density,μ is the common viscosity of the fluids,ĝ is the gravitational acceleration, and At = (ρ H −ρ L )/(ρ H +ρ L ) is the Atwood number characterizing the density difference between the heavy and light fluids. In the viscous regime, the interpenetrating speed of fluids is found to be proportional toV ν cos β. In the transitionary regime, the speed of the propagating fronts is obtained asV f ≈ 0.7V t . The speed of the interpenetrating fronts for the diffusive regime is small, increasing slightly with the tilt angle, β. 27 The interfacial instabilities commonly observed in multi-fluid and exchange flows may originate from a counter-current velocity profile (Kelvin-Helmholtz instability), [44] [45] [46] [47] [48] density contrast (Rayleigh-Taylor instability), [49] [50] [51] and/or viscosity contrast (Saffman-Taylor instability). [52] [53] [54] [55] The heat transfer and non-isothermal effects, in fact, contribute to the flow stability/instability through modifying the fluids' density and/or viscosity contrasts. 43 Buoyant convective flow of a single fluid confined between two plates held at different temperatures has long been investigated in literature within Rayleigh-Bénard context. 56 The heat transfer in this case is primarily controlled by the plates neighboring region due to the existing concentrated temperature gradients. 57 This rather localized and non-homogeneous transfer of heat, however, does not relate well to many natural situations where such a confinement does not exist. 58 The exceptional idea of homogeneous convective flows avoiding the effect of end plates first introduced in rather recent study of Gibert et al. 58 later led to a revolution in the field of convection; see Refs. 59-63 for convection in vertical and inclined geometries, respectively. As the inclination angle of the geometry is changed from vertical, different regimes, namely, hard turbulent, soft turbulent, intermittent, and laminar may develop. 61 The transition to laminar flows occurs for Ri > 0.05, where Ri is the Richardson number expressing the ratio of the buoyancy term to the flow velocity gradient. 62 The flow oscillates between laminar and turbulent in the intermittent regime. Through a novel experimental approach, we aim to investigate non-isothermal convective flows where the temperature difference comes from within the bulk of the two fluids rather than localized hot and cold plates. The classic heat transfer works in the literature on natural convection and heated cavities mostly focus at developing Nusselt number correlations, thermal boundary layers, etc., under steady flows. 64, 65 The interesting fluid dynamics transient of the underlying problem has often been ignored which we aim to address in our study.
The fluids involved in exchange flows may generally contain both temperature and salinity gradients. The heat and mass in such systems can diffuse at different rates causing the emergence of fascinating Double Diffusive (DD) effects, which are widely found in nature in oceans, 66 magma chambers, 67 lava fingers, 68 and solar planet interiors 69 as well as industry. [70] [71] [72] Depending on the fluids stratification, DD convection can be either in diffusive and/or finger mode. 66 So far, the intriguing DD effects have only been studied in depth for purely vertical [66] [67] [68] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] and/or horizontal [83] [84] [85] [86] [87] [88] configurations. We aim to study such a fundamental problem in an inclined geometry prevalent in nature and industry.
The significant novelties of our study can be summarized as follows: (i) We know of no other experimental study of non-isothermal buoyancy-driven exchange flows in the practical pipe geometry within the existing literature. Our study covers a broad range of pipe inclinations, viscosities, and density differences. Various distinct flow regimes and instabilities have been identified in our study compared to the isothermal limit, all characterized in terms of the relevant flow parameters of the problem. (ii) The fundamental convection problem has been looked at from a different perspective where the temperature difference comes from within the bulk of the two fluids rather than localized hot and cold plates. (iii) Moreover, for the first time, we investigate the (heatsalinity) double diffusive effects in an inclined setting which is of great fundamental interest. Our experimental methodology/range has been presented in Sec. II. In presenting the results in Sec. III, we first benchmark against existing exchange flow results of isothermal fluids and then discuss the main qualitative features of the non-isothermal flows through flow visualisation. A description of double diffusive effects is later provided along with Ultrasonic Doppler Velocimetry (UDV) measurements. The paper closes with a brief summary in Sec. IV.
II. EXPERIMENTAL APPROACH

A. Methodology
Our experiments have been carried out in a 2-m long, twofluid apparatus as shown schematically in Fig. 1 . The pipe is made of optically clear polycarbonate with an inner diameter of 9.53 mm. This results in a small diameter-to-length aspect ratio (≈0.0048) to capture the long time effects on non-isothermal exchange flows. For simplicity, we intended to study an adiabatic flow by choosing polycarbonate for solid boundary with low thermal conductivity [k s ≈ 0.19 W/(m K)]. The entire pipe system is enclosed in a vacuum duct (≈−101 kPa gauge pressure) made of acrylic to minimize the convective heat flux. The tube ends are connected to hot and cold reservoirs via hosing and valves. Note that the convection between the two fluids in our experiments is dominant over the circumferential and axial conduction components within the solid which are minimized by choosing the smallest thickness of the pipe possible (≈1.6 mm). The heat flux along the tube wall is estimated to be less than 7% of that happening within the fluids. For the pair fluids, we cover a range of Newtonian liquids including water, salt-water, and glycerin-water away from their boiling point and density-inversion temperature. 89 An advanced rheometry equipment (TA Instruments HR-3 Discovery Hybrid rheometer) is used to characterize the fluids. The viscosity of the solutions can be measured over a broad range of temperatures, thanks to Peltier temperaturecontrol system connected to the rheometer. The viscosity of our FIG. 1. Schematic of the experimental setup used in studying the buoyancy-driven exchange flow of two non-isothermal fluids in a pipe. The entire system may be tilted at an angle, β, measured from vertical.
water-based solutions varies with temperature as an exponential model,μ
Here,μ H is the heavy fluid viscosity at temperatureT H , which is close to room temperature (T H ≈ 298 K) and σ is an activation energy parameter. 90 Based on the viscosity data obtained from Ref. 91 The hot fluid tank (drum) is made of stainless steel and is equipped with an adjustable steel band heater (1500 W, 15-120°C) to obtain the desired temperature. It has also been isolated using fiberglass insulation (EcoTouch PINK R-13). The cold fluid tank is made of polyvinyl chloride (PVC) and is slightly heated above the room temperature using a 200-W silicone-rubber drum band heater. All the hosing and connections attached to the tanks and main pipe system have been insulated by foam wraps to minimize the heat loss prior and during the experiments. Black dye (ink) with concentration 900 mg/l is added to the light hot fluid in order to measure concentration via optical absorption (Beer-Lambert law). The low concentration of the dye used does not change the fluid properties. The pipe is back-lit using Light-Emitting Diode (LED) strips. A diffusive layer is placed between LED strips and pipe to improve light homogeneity. The optical measurement method consists of acquiring images of the pipe using a high-speed black-and-white digital camera (Basler Ace acA2040-90um CMOS, 2048 2 pixels), with 2 12 (=4096) grayscale levels. This allows us to analyze a reasonably wide range of concentration. The camera covers the whole 2-m length of the pipe using a high resolution lens (16 mm F/1.8 Cmount) and records images at a rate of 8 Hz. Note that the black-and-white maps obtained from the camera have been converted to color pictures using a Matlab image processing code for improved presentation of the results; see, for instance, Fig. 2 . An Ultrasonic Doppler Velocimeter (UDV) has also been used in order to measure local velocity profiles of the flow, to be discussed in detail in Sec. III D. At the start of each experiment, the gate valve is opened letting the heavy cold (saline) fluid penetrate through the light hot (fresh) one due to gravity. In a typical experimental sequence, we would fix the temperature of the fluids (thus density difference) and run a number of experiments at various inclination angles. The repeatability of experiments has been successfully checked at both qualitative and quantitative levels over various inclination angles and temperature/density differences.
Let us now discuss the possibility of development of natural convection prior and during the experiments. Verhoeven 97 showed that the critical Rayleigh number (see Sec. II B for definition) dictating the onset of convection is a (decreasing) function of pipe's length-to-radius aspect ratio (1/δ). For pipes with 1/δ > 22 (matching our experiment range), it is found that Ra cr → 67.96. 97 In order to estimate the Rayleigh number, Rar, on each side of the pipe prior to opening the gate valve, we would need to have a good understanding about temperature distribution throughout the pipe. Our experimental procedure is designed so that a sharp temperature gradient across the gate is obtained prior to the experiments, i.e., cold/hot fluids on the left/right hand sides of the gate valve, respectively. Since the gate valve blade is very thin (≈2 mm) and is made of aluminum with high thermal conductivity (k al. 1), we may assume the characteristic Biot number within the blade,
1, whereĥ andL V are the convection coefficient and thickness of the blade, respectively. In other words, the blade region is a lumped system with a uniform temperature approximately equal to the average temperature of fluids,T ave = (T H +T L )/2. The local temperature gradient and Rayleigh number prior to experiment should, as a result, be much less than those after opening the gate valve where the hot and cold fluids come into direct contact. We have checked that the maximal Rayleigh number immediately after the start of experiment can be Rar ≈ 283 > Ra cr , suggesting the occurrence of convection as will also be confirmed, e.g., in Figs. 2(b) and 3(b) (no sharp interface anymore). Based on the argument given, we suspect that before the start of experiment, Rar 283 (at least half of 283) slowing down the convection on each side of the tube. Moreover, even if we assume that there is slight convection forming at this time, the flow of hot and cold layers will soon come to a halt due to the fact that the gate valve is closed and the layers are disconnected from bulk fluids.
On top of the theoretical arguments given, we have two solid experimental evidence on the absence of convection before opening the gate valve: (1) The velocimetry measurements given in Appendix A confirm that before opening the gate valve, the velocity is almost zero even after 60 s.
After opening the gate valve and over only 30 s, the UDV (Fig. 13) shows a non-zero velocity field. (2) The thermocouple measurement in Appendix A shows that the temperature of the cold fluid just above the gate valve is very close to that at the end of the tube meaning that there could have not happened a strong mixing and convective flow in cold column before opening the gate valve. Otherwise, the temperature of this point would be closer to the average fluid temperature or that of the hot fluid. Given the low thermal diffusivity of waterbased solutions used (α ≈ 1.4 × 10 −7 m 2 /s), diffusion effects would also be negligible before the start of the experiment. A simple scaling analysis reveals that the time it takes for thermal diffusion to affect the cold or hot tube (1 m) is of order 10 7 s which is way above our experiment preparation time (maximum up to 60 s before opening the gate valve); see also thermocouple measurements given in Appendix A. After starting the experiment, the temperature of the fluids at both ends of the pipe is accurately monitored over time. Ideally, in an infinitely long tube, the end temperatures will not be affected by axial heat diffusion occurring within the domain. However, due to the laboratory limitations on the length of the pipe, we notice a slight drop in the temperature of the hot fluid over time. The experiments are stopped at a stage where the error in the Atwood number due to this temperature drop exceeds 7%; see Appendix B for variation of the temperature during a typical non-isothermal experiment.
B. Range of dimensional and dimensionless parameters
The geometric dimensionless parameters are, namely, tube inclination angle, β, measured from vertical, and aspect ratio, δ =D/L, whereL is the length of the pipe. Note that in this study, the dimensional quantities are denoted withŝ ymbol, e.g., the tube diameter isD, and dimensionless quantities without. The dimensionless temperature difference ratio is denoted by r T = ∆T/T H using Kelvin scale. The Atwood number, based on the fluids initial densities, is defined as At = ∆ρ/(2ρ), representing a dimensionless density difference, where
are the density difference and the mean density, respectively. Our focus in this study is on small At, the significance of which is that a Boussinesq approximation is valid. 98 Briefly, this means that density differences can significantly affect the buoyancy force but not the acceleration of individual fluids. The effects of thermal expansion of the fluids on driving buoyancy force are retained in the Grashof number defined as Gr =ĝλ∆TD 3 /ν 2 . Here,ν is the kinematic viscosity defined using the mean density,ρ, and the viscosity of the heavy fluid,μ H . Another dimensionless parameter is the Reynolds number defined as Re =V tD /ν. The viscosity ratio is denoted by m =μ L /μ H . The effect of viscosity dependency on temperature is captured in the Nahme number defined as Na = σμ HV 2 t /(κ HTH ), where σ is an activation energy parameter. 90 The ratio of viscous to thermal diffusivity in our convective flow is captured through the Prandtl number defined as Pr =ν/α. The degree of molecular diffusive transport compared to advective transport is governed by the Péclet number, Pe =V tD /D m , whereD m is the molecular diffusion. However, note that due to the choice of fluids and range of temperature differences considered, viscous dissipation effects captured via the Brinkman number, Br =μ HV 2 t /(κ∆T ), are negligible. The Nusselt number, Nu, and Eckert number, Ec, can be constructed as a function of dimensionless numbers represented above as Nu = f (Re, Pr) and Ec = Br/Pr, respectively. Moreover, the Rayleigh number, RaD, defined using diameter,D, as a length scale is expressed as RaD = Gr.Pr. It is not difficult to show that the Rayleigh number based on the radius of the pipe,r =D/2, is Rar = RaD/8.
In summary, the independent input parameters of the prob-
and σ. In the dimensionless space, these parameters reduce to β, δ, r T , At, Gr, Re, m, Na, Pr, Pe, and Br. The ranges of dimensional and dimensionless numbers governing the flow are listed in Tables I and II , along with the range considered. Evidently, we are able to cover a wide range of dimensional and dimensionless parameters in our experiments. A total of 123 experiments have been carried out (35 isothermal benchmarking tests plus 88 non-isothermal tests). In presentation of our results, both dimensional and dimensionless quantities are conveniently provided. The former enables other researchers to TABLE I. List of dimensional independent input parameters of the problem.
Parameter
Range
TABLE II. List of dimensionless independent input parameters of the problem.
Parameter Range Br =μ
recreate the findings of this paper for benchmarking purposes, etc., while the latter extend the applicability of the results via dimensional analysis to systems of different sizes, temperatures, and fluid phases than those used in our experimental study.
III. RESULTS
We now present our experimental results. We first give a broad phenomenological description of the main features we have observed in our non-isothermal experiments in Sec. III A. We have also benchmarked against existing results for isothermal fluids of Refs. 27 and 29. The variations in measured advancing front velocities, important in estimating the fluids spreading rate, are studied in Sec. III B. The asymmetrical effects observed in association with non-isothermal flows are investigated in depth in Sec. III C. The Double Diffusive (DD) flows relating to the diffusion of heat and salt are further discussed and quantified in Sec. III D. In Sec. III E, we quantify the flow asymmetry over the whole range of our non-isothermal and DD flows.
A. Buoyancy-driven exchange flows: Benchmarking and main qualitative features
We first aim to present a typical buoyancy-driven exchange flow experiment in an inclined pipe. Figures 2(a) and 2(b) show the snapshots of experiments carried out using water-based solutions for isothermal and non-isothermal cases, respectively, for β = 60 • and At = 0.01. The fluids are initially separated by a gate valve (green rectangle) in the center. The interpenetration of heavy and light layers due to buoyancy is evident. The heavy and light fingers are mostly symmetrical in the isothermal case [ Fig. 2(a) ] as previously noted in Ref. 27 . Note that the flow in this case is solely driven by added salinity (sodium chloride, NaCl) in the heavy side.
The flow symmetry observed for isothermal flows [ Fig. 2(a) ] interestingly vanishes in the presence of a temperature difference between the two fluids [ Fig. 2(b) ]. Note that the flow in this case is driven through a temperature difference rather than added salinity. The heavier cold fluid layer advances faster than the light hot one. Moreover, the instabilities appear to be of different nature in the non-isothermal case. The fingers are more diffuse (at least within the cold layer) noted by the mixed concentration values (c ≈ 0.5). Note that although the spreading speeds of the heavy and light layers are different in non-isothermal case, the net amount of mass displaced on each side of the pipe is still zero due to the conservation of mass. In the Boussinesq limit considered, the heavy finger layer advances faster but is overall thinner than the light one which can be better seen in snapshots 2-5 of Fig. 2(b) . At later times, the heavy layer slightly grows in thickness due to the mixing with the light fluid. However, the total amount of heavy and light fluids exchanged mass would still be the same. In order to ensure that the flow asymmetry is not an artifact due to the setup, we switched hot and cold fluid sides recovering exactly the same results.
Let us now see how the non-isothermal experiments compare against the isothermal ones over a large range of inclination angles. Figure 3(b) shows the snapshots of non-isothermal flows obtained upon releasing heavy cold (fresh) water into light hot (fresh) one revealing completely different flows compared to the isothermal limit. It can be seen that overall the heavy and light fingers are more destabilized and diffused compared to the isothermal case. The flow asymmetry introduced in Fig. 2(b) also persists over the full range of inclination angle, β. Note that there exists strong instability in the vertical case (β = 0 • ) primarily in the form of Rayleigh-Taylor (and possibly Kelvin-Helmholtz at later times) resulting in slow flow advancement. For consistency and convenience of comparison, we have plotted all the snapshots at various inclination angles att = 30 s which means that the vertical cases (in Fig. 3 and elsewhere in the paper) appear as if they have not advanced much compared to the other angles. The spatiotemporal diagrams to be discussed in Fig. 5 show this effect more clearly. From both isothermal and non-isothermal experiments shown in Fig. 3 , we can see that there is significant mixing and mass diffusion occurring for the vertical case (β = 0 • ), despite the fact that the Péclet number is large (Pe O(10 5 )). In fact, the large Pe for vertical cases does not best represent the flow since a much slower velocity scale thanV t is involved underlying the problem (see also Fig. 7 ). Strong interfacial mixing in (close to) vertical cases enhances turbulence creating small-scaled vortical structures between the layers where molecular diffusion,D m , can effectively act to mix heavy and light fluids. The velocity scale associated with such turbulent zones is much less thanV t (decelerated flow). In other words, although the globally defined Pe is large for the vertical case, the effective and local Pe is small making mass diffusion feasible over the time scale of the experiment.
Before further presenting the non-isothermal experimental results, we need to ensure the accuracy of our flow loop at both qualitative and quantitative levels. Detailed benchmarking tests against Refs. 27-29 have been carried out in this regard. We have run 35 experiments using isothermal fluids covering β = 0°-90°and At = 0.0035, 0.01, 0.04 (Re ∈ [170, 600]). The validity of these experiments has been checked using four ways: (1) Seon et al. 27 classified various viscous, transitionary, and diffusive regimes using the dimensionless controlling parameter Re cos β. The parameter Re cos β represents the relative strength of the streamwise buoyant (ρ H −ρ L )ĝ cos βD to viscousμV t /D stresses. 99 Seon et al. 27 found that the changeover from viscous to transitionary flows happens at Re cos β 50. Figure 4 (a) obtained from our isothermal benchmarking experiments does confirm such transition. Note that various colours in Fig. 4(a) correspond to different Atwood numbers. (2) The frontal speed of the advancing heavy and light fingers in the case of viscous flows is reported to obeyV f = (1/16 − 1/(2π 2 ))V ν cos β, i.e., V f /V t = (1/16 − 1/(2π 2 ))Re cos β. 27 Our scaled front velocity measurements,V f /V t , for viscous flows accompanied by error bars show close agreement with this prediction which is indicated by a dashed line in Fig. 4(a) . (3) Seon et al. 27 further revealed that the frontal speed in transitionary flows approximately converges toV f /V t ≈ 0.7. Our results for transitionary flows closely follow such prediction which has been highlighted by a solid line in Fig. 4(a) . (4) The heavy and light fluids interpenetrating speed in the case of diffusive flows are low due to strong transverse mixing. 27 For such flows, it is logical to assume a rather stationary mixing core and usex/ √t as a similarity scaling. 29 The dynamics of the flow is governed by a linear diffusion equation,
Here,D M is a macroscopic diffusion coefficient which could be up to 10 5 times bigger than the molecular diffusivity,D m . 24 Moreover,C is the depth-averaged concentration. The solution of Eq. (2) can then be found in the following form:
Seon et al. 29 fitted their measuredD M for isothermal experiments to an expression of form,
Note that the range of applicability of (5) 
in Ref. 29 is for
Re 1000, which covers the range of our exchange flow experiments. In order to check the consistency of our macroscopic diffusion coefficient measurements, the data are compared with (5) in Fig. 4(b) for those of our isothermal experiments that were fully mixed (diffusive). The agreement is good, with a similar deviation as that for the data in Ref. 29 . Figure 5 shows the spatiotemporal diagrams of the depth-averaged concentration field,C(x,t), for the same nonisothermal experiments as shown in Fig. 3(b) . The green region in the vicinity ofx = 0 mm corresponds to the gate valve. The flow asymmetry effect is evident from spatiotemporal diagrams, i.e., increased flow advancement on the right-handside area of the gate valve (x > 0). It can also be interestingly observed that the slope of the spatiotemporal diagram corresponding to the heavy and light fronts show a non-linear behaviour at short times (smallt) which is later reduced. This non-linear behaviour is due to initial buoyant-inertial balance as explained in Ref. 39 . At longer times, the dynamics of the flow is dictated by buoyant-viscous balance identified by a semi-linear region in spatiotemporal diagrams. Also note the unsteadiness in spatiotemporal diagrams due to the propagation of interfacial waves, especially for inclinations away from horizontal (β = 0 • , 30 • , 45 • cases in Fig. 5 ). Another comment to make here is that the boundary between heavy and light fluids in the spatiotemporal diagram is less clear for highly mixing flows (see, for instance, β = 0 • , 30 • cases in Fig. 5 ) due to the diffuse nature of these flows. When the degree of interfacial mixing is reduced, it is easy to spot the border of heavy and light fluids as depicted in β = 60 • , 70 • , 80 • examples in Fig. 5 .
B. Front velocity measurement and characteristics
The buoyancy force originating from fluids' density difference continuously drives the interpenetrating flow in question along the streamwise direction, meanwhile segregating the phases in the depthwise direction. Depending on the driving and segregative buoyant components as well as flow instability, the interpenetration of two fluids may be slow and/or fast. It is critical to quantify the spreading speed of interpenetrating layers in the case of non-isothermal fluids, especially when designing well cementing and/or counter-current extraction column processes. The front velocity can be measured via tracking the depth-averaged concentration profile,C(x,t), over time. Figure 6 (a) depicts the evolution ofC(x,t) over space, x, at different timest = [0, 3.33, 6.66, . . . , 26.67, 30.0] s, for a typical experiment shown in Fig. 2(b) . By closely followingC > 0 (C < 1), one will be able to realize the entrance of light (heavy) fluid at locationx. To avoid the noise in the data close to the lower wall of the pipe, we estimate the speed of the heavy and light fingers by the velocity of the concentration levelsC = 0.1, 0.9, respectively [see the solid and dashed lines in Fig. 6(a) ].
Figure 6(b) shows the variation of the heavy and light fingers velocities,V f ,H andV f ,L , respectively, with time, which is quite typical of most of our experiments. After opening the gate valve att = 0, the velocities abruptly increase from 0 (stationary flow as indicated in the inset) but relax back to steady levels, at longer times. See also Ref. 100 for analogous behaviour witnessed in other similar gravity currents. For the case depicted,V f ,H = 29.3 mm/s andV f ,L = 17.3 mm/s at longer times (15 s ≤t ≤ 30 s) with approximately 8% standard deviation. In practice, it is the long-time front velocity (away from the initial transients) that we are interested to study. Studying the transient/short-time effects in exchange flows can be interesting, but it is beyond the scope of our study. The heavy fluid advancing front velocity seems to be consistently larger than that of the light fluid confirming the asymmetry. The selection of a threshold value is evidently a trade-off between robustness and proximity toC = 0, 1. In order to ensure the validity of the technique, theV f ,H andV fL readings have also been com- C(x,t) , for the same experiments as shown in Fig. 3(b) . method. Note that the advantage of the threshold method over the slope of the spatiotemporal diagram is that the former works for all viscous/transitionary/diffusive regimes, whereas the latter fails in the case of diffusive regime; see Refs. 99 and 101 for more details on front velocity measurement.
We now explore the main characteristics of front velocity measurements across our experimental range, where we have varied inclination angles, β, and density differences, At. Note that in terms of the process design, both the heavy and light fingers speeds,V f ,H andV f ,L , are of importance. Figures 7(a) and 7(b) showV f ,H andV f ,L , respectively, for non-isothermal experiments over various inclination angles, β, and At = 0.0035, 0.01. First, note that the values of both the heavy and light front velocities increase with the density difference (Atwood number) over almost all range of β. This is due to the fact that the driving force of the flow from buoyancy naturally increases with At resulting in higher fluids interpenetration rate. The counter-current buoyant stress acts as ∼(ρ H −ρ L )ĝ cos β, which is maximum at β = 0 • . Note that (ρ H −ρ L )ĝ sin β acts to segregate the layers depthwise. One would then expectV f ,H andV f ,L to be the highest close to this angle. However, from Fig. 7 , it can be seen that at a given Atwood number, At, the front velocity roughly seems to be the highest for an intermediate inclination angle between vertical (β = 0 • ) and horizontal (β = 90 • ) extremes. This counterintuitive observation has similar roots as to the Boycott effect detected in sedimentation of blood corpuscles. 102 Although the streamwise buoyant force accelerating the fronts is maximum at β = 0 • , the interfacial instability of Kelvin-Helmholtz type is also maximum in this case which acts to decelerate the fronts via enhanced fluids mixing across the pipe. 26, 28, 29 On the other extreme, i.e., horizontal configuration (β = 90 • ), the interfacial mixing is low but the driving buoyancy force is also small leading to small values of front velocity. Somewhere in between (0 • < β < 90 • ), the driving buoyant force of the flow is strong enough to advance the layers in opposite directions but not to an extent to cause significant decelerating interfacial instability and fluids mixing. Such an effect of inclination angle on the front velocity has interestingly been reported before for similar flows to the current problem. For instance, see Refs. 26-29 for isothermal exchange flow of two fluids, and Refs. 103 and 104 for non-isothermal convection of single fluids in inclined ducts. Upon comparing Figs. 7(a) and 7(b), note thatV f ,H values are consistently higher thanV f ,L confirming flow asymmetry using a different presentation from the flow snapshot (Fig. 3) and/or spatiotemporal diagram (Fig. 5) . Lastly, from Table II , it is not difficult to show that r T , Gr, Re 2 , Na, and Pe 2 are proportional to the temperature difference, ∆T . Therefore, we may conclude from Fig. 7 that the velocity of heavy and light layers increases with r T , Gr, Re, Na, and Pe.
C. Investigating the asymmetry effect
As mentioned in Secs. III A and III B, there is a concrete asymmetry effect observed in almost all non-isothermal experiments. The rate of advancement of the heavy fluid finger is higher than that of the light one. It is now interesting to investigate what mechanism is physically causing this asymmetry. Let us first see how the flow picture is altered when using a different pair of fluids from the water-based ones shown previously. In order to address this, we first decided to viscosify our water-based solutions using a small amount of xanthan powder. By adding 195 and 245 mg/l of xanthan powder equally to heavy and light fluids, one may reach the viscositiesμ = 2 × 10 −3 , 5 × 10 −3 Pa s, respectively, at room temperature. Upon rheological characterization (using HR-3 Discovery Hybrid rheometer from TA Instruments), it is found that the shear-thinning effects associated with the addition of xanthan gum are negligible for the concentration given and our range of shear rate (γ ∈ [0, 3] l/s). Figure 8 water solutions for lower concentration of xanthan (195 mg/l) att = 30 s, At = 0.0035, and various inclination angles, β. Note that the Prandtl number, Pr, is almost doubled in this case compared to our previous non-isothermal examples shown in Fig. 3(b) . Upon comparing Fig. 8(a) with our non-isothermal snapshots for At = 0.0035 (not presented here), we realized that the flow is much decelerated when the viscosity of the fluids is increased. Note that for higher concentration of xanthan corresponding toμ = 5 × 10 −3 Pa s, this deceleration is even more pronounced (results not shown here for brevity). From Fig. 8(a) , we can still interestingly observe the signs of asymmetry in the case of viscosified water solution as well; see, for instance, β = 0 • and 30 • cases. Altering the Prandtl number, Pr =ν/α may be achieved through changing either the viscosity (that we just explored) or thermal diffusivity. In order to change the latter, we shall choose a fluid with different thermal conductivity,κ, than that of water. Glycerine-water solutions were selected for this purpose (27.06% and 49.44% weight forμ = 2 × 10 −3 , 5 × 10 −3 Pa s, respectively). Note that κ gly. ≈ 0.47κ wat. , so we can explore an even larger range of Pr throughout this experiment. Figure 8(b) shows snapshots of experiment run using 27.06% glycerine-water solution. Compared to the viscosified water case, we can see that the fingers propagate faster. The asymmetric behaviour, however, still persists over a large range of inclination angles. Similar to the xanthan case, the flow at higher viscosity and glycerine concentration (49.44%) was slow and almost did not develop in the duration of experiment (results not shown here for brevity). It is not difficult to show from Table II that 
Gr, 1/Re, Pr, and Br are proportional to the heavy fluid viscosity,μ H . Therefore, the effect of these parameters can be explored from Fig. 8 (xanthan and glycerin solutions) and our non-isothermal experiments run with water. We may conclude that the front velocity of the interpenetrating layers decreases with 1/Gr, 1/Re, Pr, and Br, which is consistent with our earlier finding for Gr and Re when changing ∆T .
So far, we have spotted flow asymmetry over a wide range of inclination angles, density differences, and even fluids pair. However, it is still unclear about what is causing this effect. Let us have a fundamental look into the non-isothermal problem in hand. From the Navier-Stokes momentum equations and in the absence of an imposed pressure gradient, the fluid inertia dictating the velocity field and flow dynamics will be an outcome of resultant buoyant and viscous stresses. The temperature does not appear directly into the momentum equations but, in the Boussinesq limit, may modify the buoyant and viscous stresses meaning the fluids density and viscosity field. Keeping our density differences in non-isothermal tests the same as those of symmetric isothermal experiments, we basically have the same driving buoyant stress. The only other contribution of the temperature might would then be on viscosity. The heavy cold fluid can be more viscous than the light hot one due to the dependence of the viscosity on temperature; see Eq. (1). It could be that the asymmetry is being caused due to such viscosity stratification. If this hypothesis is correct, we shall observe an approximately asymmetric flow in an isothermal case, where the heavy fluid is more viscous than the light one. In order to check this, we designed an isothermal experiment where the xanthan powder (195 mg/l creatingμ H = 2×10 −3 Pa s) was only added to the heavy fluid densified by sodium chloride, NaCl. Figure 9 shows snapshots of such an experiment at various inclination angles. Note that the density difference is kept the same as the one in Fig. 3 (At = 0.01) to make the direct comparison with the non-isothermal case feasible. It is interestingly observed that the flow is mostly symmetric in this case suggesting that the viscosity ratio between the fluids cannot be the cause of the asymmetry. We even checked using a more extreme viscosity ratio (245 mg/l of xanthan creatingμ H = 5 × 10 −3 ) Pa s; however, the flow was still symmetric (results not shown here for brevity). Further experiments as laid out in Sec. III D are required to clarify the asymmetry effect.
D. Double diffusive (DD) effects
The critical question still remains: What is really causing the asymmetry in non-isothermal experiments? Throughout the course of this research, we considered about the possibility of interaction of fluids with solid boundary (polycarbonate tube) and its effect on flow asymmetry. In Sec. II, we discussed in detail how the heat transfers within the solid pipe in all three radial, circumferential, and axial directions have been minimized for an adiabatic flow assumption to be valid. It is safe to assume that the asymmetry is not being caused due to the heat transfer within the solid pipe. But what about the heat exchange between the solid and fluids? This is something that we have not explored yet. Prior to each non-isothermal experiment, the two sides of the pipe are filled with hot and cold fluids. It is reasonable to assume that the solid pipe thus reaches a temperature equilibrium with fluids on each side. Upon opening the gate valve and the release of the flow, the heavy cold fluid finger advances through the pipe which is at a higher temperature. During this phase, heat can be transferred from the hot solid wall to the heavy cold finger warming it locally. We may postulate that the viscosity of the heavy fluid region in contact with the solid wall can drop below that of the cold bulk flow. This low-viscosity film region may then act to lubricate the bulk finger which is cold and heavy. Upon a deeper look into the literature, in fact, we did find similar lubricating effects due to wall heating; see, for instance, Ref.
105 for non-isothermal pressure-driven displacement flows in 2D channels. In order to back this hypothesis up, we designed one last experiment! Keeping the density configuration unstable (heavy fluid being released into the light one), we tried to add heat to the heavy fluid this time rather than the light one. Of course, by adding heat the density of the fluid drops. In order to keep the density of the hot fluid higher than the light one, we densified this phase using salt (sodium chloride, NaCl). In other words, in this case, we add both salinity and heat to the heavy phase which introduces Double Diffusive (DD) effects. The heat and mass in DD systems can diffuse at different rates, captured via the Lewis number, Le, expressed as Le =α/D m = Pe/Re.Pr, which for water-based systems can be of O(10 2 ). In other words, in such DD systems, heat is diffused almost hundred times faster than mass. If our hypothesis is correct, since in this configuration the cold fluid advances upward (instead of downward in non-isothermal case) coming into contact with the hot wall, we shall expect to see the asymmetry in the opposite direction. In other words, this time, the light finger should advance faster than the heavy one. Figure 10 (a) shows experimental snapshots of double diffusive flow where hot saline water is being released into the cold fresh one at β = 60 • . Again, the density difference is kept the same as the one in Fig. 3 to make a direct comparison with previous cases feasible. We interestingly observe that the light finger advances faster than the heavy one, solidifying our lubricating film hypothesis. Figure 10 (b) suggests that such an opposite asymmetry effect can roughly be observed over other inclination angles as well. Note that due to the entirely different dynamics of the flow, we are not expecting to observe the same degree of asymmetry in the test case shown (Fig. 10 ) when compared to the previous non-isothermal results [for instance, Fig. 3(b) ].
In Figs. 3(a) and 3(b) , we presented the results for both isothermal (salinity difference) and non-isothermal (temperature difference) cases for a density difference corresponding to At = 0.01. Figure 11 shows the snapshots of the flow when such a density difference is partly (approximately half) supplied by salinity and partly by heat. It is interestingly observed that the flow pattern is indeed semi-similar to both isothermal [ Fig. 3(a) ] and non-isothermal [ Fig. 3(b) ] cases. The degree of instability and diffusion is more or less than the isothermal or non-isothermal flow. The level of the flow asymmetry also falls in between the isothermal and non-isothermal cases. Note that the general picture where the degree of instability increases as moving towards vertical is maintained the same in all isothermal, non-isothermal, and DD cases. Note that from this stage on, by a double diffusive experiment, we refer to the configuration in Fig. 11, i. e., cold saline water being released into the hot fresh one. Figure 10 , where hot saline water was released into the cold fresh one, was only a test case to understand the root of asymmetry.
Let us now quantify the penetrating speed of the heavy and light layers over our full range of DD experiments. fact that for intermediate inclination angles (0 • < β < 90 • ), the driving buoyant force of the flow is strong enough to advance the layers in opposite directions but not to an extent causing significant decelerating interfacial instability and fluids mixing. Lastly, upon comparing Figs. 12 and 7, we may conclude that the overall increase inV f ,H values overV f ,L at a given At, as a sign of asymmetry, is less in the case of DD flows compared to the non-isothermal one. Similar to the non-isothermal case, the data in Fig. 12 can be interpreted in such a way that the velocity of heavy and light layers increases by increasing r T , Gr, Re, Na, and Pe.
To gain additional insight into the dynamics of the flow, we have measured the velocity profile 500 mm downstream of the gate valve using an Ultrasonic Doppler Velocimeter (UDV) (model DOP4000 from Signal Processing SA). For the tracer, Polyamid Seeding Particles (PSPs) with a mean particle diameter of 50 µm and density close to that of pair fluids (ρ PSP = 1030 kg/m 3 ) are used to ensure that they stay neutrally buoyant within the flow. A volumetric PSP concentration of 2 g/l has been added to the fluids. The measuring volume of the probe has a cylindrical shape. The axial resolution of UDV within the depth of our fluids is about 0.128 mm and the lateral resolution is equal to the transducer diameter (8 mm), slightly varying with depth. A 4-MHz transducer has been used in our measurements. The UDV probe was mounted at an angle ≈85 • relative to the axis of the pipe, selected to balance a good signal to noise ratio with small ultrasonic signal reflections; see Ref. 106 for details. The method is nonintrusive as the probe is mounted outside the pipe, with the ultrasonic beam entering the fluid by passing through a 1.6 mm-thick polycarbonate pipe wall. Note that the area around the UDV probe is sealed, so that it does not compromise the vacuum within the acrylic box surrounding the tube (Fig. 1) . The method measures the flow velocity projection on the ultrasound beam, essentially giving the axial velocity across the pipe. Figures 13(a)-13(c) show the recorded UDV profiles for non-isothermal experiments shown in Fig. 11 for At = 0. the heavy and light layers, respectively. In the case of viscous stratified exchange flows, a mathematical lubrication model may be developed capturing the dynamics of the flow. In the Newtonian limit, it is not difficult to show that the lubrication model in fact predicts a parabolic profile within each layer; see Refs. 39 and 108-110 for lubrication-style models of relevant exchange and displacement flows, respectively. The velocity profile, at least close to the top wall corresponding to the light layer, is flattened for β = 30 • case [ Fig. 13(b) ]. This is perhaps associated with the enhanced turbulence of the flow due to stronger mixing which is also evident from the inset snapshot. The instability and mixing are further increased as moving towards vertical (β = 0 • ). Figure 13(c) shows much lower positive/negative velocity values in this case, suggesting the deceleration of fluids interpenetration due to transverse mixing.
Salort et al. 62 showed that in thermal convection of a fluid in an inclined duct (heat pipe), the transition from diffusive flows to viscous and transitionary ones occurs at the Richardson number, Ri = 0.05 defined as
Here, ρ and Û are the density and velocity profile gradients ( = ∂/∂ŷ), respectively, within the shear layer. The Richardson number, Ri, in a sense, is the ratio of stabilizing potential energy of gravity to destabilizing kinetic energy at the interface. Salort et al. 62 interestingly found that this critical Richardson number also applies to the isothermal case of Znaien et al., 31 where salinity difference between the two fluids drives the flow. Our DD experiments indeed contain both thermal and salinity effects of Refs. 62 and 31, respectively. Therefore, it would be interesting at this stage to verify if the critical Ri value also applies to our case. Figure 14 shows the dependency of fluids density,ρ, with depth,ŷ, for the DD experiments shown in Fig. 13 . For consistency, the profiles are obtained from averaging over the same time span as those used in producing correspondingly calculate ρ and Û across the shear layer which in our case has been consistently defined as the region between the peaks of the heavy and light fluids velocity (Fig.  13) . Over this area, ρ and Û are found to be almost constant as shown in Refs. 62 and 31 as well. We found Ri = 0.101, 0.010, and 0.0 for β = 60 • , 30 • , and 0 • , respectively, suggesting incredibly close quantitative agreement with the finding of Salort et al. 62 It seems as if consistent with the thermal and salinity-driven flows, the diffusive flows in double-diffusive case do appear at Ri < 0.05.
E. Asymmetry quantification
The asymmetry in advancing heavy and light fluid fingers was found to be a prevalent feature of almost all non-isothermal and double diffusive buoyancy-driven exchange flows as discussed in Secs. III A-III D. It would be useful to quantify the asymmetry level over all full range of experiments. Here, we have defined a dimensionless asymmetry parameter, e, as
The asymmetry parameter, e, has been plotted in Fig. 15 versus inclination angle, β, for various isothermal, non-isothermal, and double diffusive experiments. The dotted line e = 0 is added as a reference to complete symmetry. There are a few interesting observations we can make from such dimensionless representation. First, note that e ≈ 0 for isothermal experiments, suggesting a symmetric flow as also noted in previous findings of Seon et al. [26] [27] [28] [29] 39 The level of asymmetry is the highest for non-isothermal experiments. Asymmetries of up to 50% may be spotted for such cases. The double diffusive experiments roughly lie in between the isothermal and non-isothermal ones. This is due to the fact that the wall-fluid temperature difference is less in such cases weakening the lubricating film formation. non-isothermal case, the asymmetry curves roughly collapse into one for various Atwood numbers. Further experiments with different pipe diameters, etc., are required to check if this collapse is universal for various non-isothermal experiments using water-based solutions.
IV. DISCUSSION AND FUTURE WORKS
Buoyancy-driven exchange flow of two Newtonian fluids in an inclined pipe has been investigated experimentally when there is a temperature difference between the fluids, i.e., non-isothermal. The cold heavy fluid is released into the hot light one due to the buoyancy in an adiabatic pipe with small aspect ratio. Due to the choice of low Atwood numbers, Boussinesq approximation holds. Our experiments cover a broad range of the governing dimensional and dimensionless parameter space, not covered before in any experimental study. Detailed benchmarking tests were first made upon the established exchange flow studies of Refs. 26-29 and 39 in the isothermal limit revealing excellent qualitative and quantitative agreement in flow classification, frontal velocity, and macroscopic diffusion coefficient. Viscous regimes are found at near-horizontal inclination angles. The degree of flow instability and mixing enhances as the pipe is progressively inclined towards vertical revealing transitionary and fully diffusive regimes. Reminiscent to the well-known Boycott effect, 102 the maximum interpenetration rate of heavy and light fluids in both isothermal and non-isothermal cases is found to occur at an intermediate inclination angle.
In the non-isothermal case, the fluids temperature difference is found to significantly increase the flow instability and mass diffusion across the interface which can be of extreme importance in designing counter-current extraction column processes where the goal is to maximize mixing between the two phases. 9 A novel asymmetric behavior in the flow is observed in non-isothermal flows never seen before in the isothermal limit. The heavy cold finger interestingly advances faster than the light hot one for both water and water-glycerin solutions. The phenomena were first thought to be related to the difference in bulk viscosity of heavy and light fluids due to temperature difference. Additional experiments were then run using more-viscous heavy xanthan-water interpenetrating a less-viscous light water solution in the isothermal limit revealing symmetric flows. This, in turn, suggests that bulk viscosity contrast between the two fluids may not cause the flow asymmetry. The asymmetric behavior is then hypothetically associated with the wall contact and the formation of a warm less-viscous film of the fluid lubricating the cold more-viscous finger along the pipe. On the other side of the pipe, a cool moreviscous film forms decelerating the hot less-viscous finger. In order to clarify the root of this phenomenon, further supplementary double diffusive experiments were precisely designed in which the heat was added to the heavy fluid (densified by salt). The asymmetry was interestingly observed to occur on the opposite side of the tube, i.e., cold finger again traveling faster than the hot one, further solidifying the lubricating film hypothesis. Double diffusive effects associated with the diffusion of mass (salinity) and heat when the cold saline water is released into the hot fresh one are further investigated. In this case and for the same range of density differences, the level of flow asymmetry is found to decrease. A small Richardson number of Ri ≈ 0.05 is found, above which flow laminarization occurs which is in agreement with findings of Salort et al. 62 for tilted heat pipes. The asymmetric behaviour of the flow is quantified over the full range of non-isothermal experiments carried out.
In terms of the dimensionless numbers of the problem, it is found that the interpenetrative speeds of the heavy and light fluid layers in non-isothermal and double-diffusive cases increase with the dimensionless temperature difference, r T , Atwood number, At, Grashof number, Gr, Reynolds number, Re, Nahme number, Na, and Péclet number, Pe but decreases with Prandtl number, Pr, and Brinkman number, Br. The effect of the fluids viscosity ratio, m, cannot be studied from our experiments comprehensively since it is only varied over a narrow range of [0.45-0.9] for non-isothermal experiments. Note that m = 1 and 1.45 correspond to the isothermal tests [Figs. 2(a) and 3(a)] and one single exploratory double diffusive experiment (Fig. 10) , respectively, and thus cannot be used to generalize the effect of m. As future work, we are planning to implement real-time measurements of the temperature field (thermography) in our experiments utilizing the Infrared (IR) approach. The intergraded flow visualization and thermography can reveal how closely the temperature and concentration (salinity) fronts follow one another during the evolution of the flow eventually enabling us to understand the fundamental double-diffusive effects underlying the flow. 71 It can also give us insight into the nature of the lubricating layers forming underneath the cold finger due to wall contact. The results presented along with future research directions laid out can potentially provide significant insight into such a fundamental problem of convective flows in inclined settings. Applications are widely found in the context of oceanographic and geophysical flows (thermohaline circulation on continental slopes/shelves, asthenosphere convection underneath subducting lithosphere, etc.) as well as atmospheric flows over hills and mountains which can help municipalities design cities and urban areas for improved micro-climate and air quality management.
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This research has been carried out at the University of Houston (UH) using the startup funds of K. Alba and H. Ghasemi. The authors thank A. Hasnain for assisting in rheometry and velocimetry measurements. We also thank the reviewers for their useful comments. Figure 16 shows the velocity profile (UDV) across the pipe [ Fig. 16(a) ] and temperature variation (dual thermocouples connected to ISDTC Omega Engineering, Inc., recorder) on the left side of the tube [ Fig. 16(b) ] prior to a typical experiment. As can be observed, there is no convective motion and/or significant thermal diffusion in the pipe before starting the experiments. Figure 17 shows temperature variation of tube's end points (x = − 1, 1 m) over time,t, for a typical non-isothermal experiment shown in Fig. 2(b) . As evident, there is a slight decrease/increase in temperature of hot/cold fluids over time. In order to ensure "long" tube assumption, the experiments are ended where the error in the Atwood number due to this temperature change exceeds 7%.
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